INTRODUCTION
The great majority of meteorites fall into one of two major groups, (a) stony meteorites such as chondrites and achondrites, and (b) irons such as octahedrites, hexahedrites, and ataxites. A relatively small percentage fall into another group, the stony-irons. Because of their intermediate and transitional character, the stony-iron meteorites assume a significance for the genesis and inter-relationships of the several meteorite groups that far exceeds their relative abundance.
The largest number of meteorites within the stony-iron group are classified as pallasites; they consist of olivine and nickel-iron in approximately equal amounts (PL 1*). Anders (1964) has summarized the theories of formation of pallasites within their parent body (or bodies). Each theory predicts different degrees of homogeneity between olivine and metal, and between olivine crystals. Each theory must also explain how it is possible for a comparatively low-density mineral, such as olivine, to solidify within a heavy metal without physical separation. These theories indicate several possible locations for the pallasites within their parent * See Plate Section for all plates.
body: the mantle-core boundary, the contact zones of isolated metal pools within a silicate mantle, or the central part of the parent body. To determine which of these locations is correct and what processes control the formation of the pallasites, we need to know the degree of homogeneity within and between olivine crystals as well as the cooling rate of each pallasite within its parent body. Preliminary results have been discussed by Buseck and Goldstein (1968a) .
where N x = number of X-ray counts in each measurement, A x = average number of X-ray counts = X) (N x /n), i=l n = number of individual points measured. The value of S indicates variations from the mean, N x , resulting from compositional changes, as well as variations due to instability of electronics, sample positioning, and sample preparation (Ziebold, 1967) . This standard deviation was determined by microprobe measurements at a minimum of 16 points linearly distributed across each olivine grain. Over 100,000 counts were accumulated for each element in a counting time of 40 seconds per point. In order to avoid extraneous fluorescence effects from the metal matrix surrounding the olivines, measurements were not made within a few microns of the crystal borders.
The standard deviation for a known homogeneous sample was determined experimentally. Sixteen measurements were made on the same spot within an olivine crystal, with the specimen being optically refocused each time. The measured value was 2 times the minimum standard deviation <7 C , which was attained from Poisson statistics (<T C = VjVi) (seeFisher, 1950) . The standard deviation for a homogeneous olivine, 2<r c , can be calculated directly for all of the analyzed olivine crystals. Thus, we used the following criterion for homogeneity: If S/2<r c < 1, the crystal is homogeneous; if 1 < S/2<r e < 2, the homogeneity is uncertain; and if S/2<r c > 2, the olivine crystal is inhomogeneous (Table 1) .
It is also important to determine a statistically meaningful value for the variation of Fe content within each olivine crystal. According to Proschan (1953) , the variation or range of a measurement, applied to the mean, is given by the expression:
where ti-a,n-i is the tolerance limit, expressed as the Student's t value for n -1 degrees of freedom, exceeded in value with probability I -a (Fisher, 1950) . For our case, the desired tolerance level, a, was designed so that 95 percent of the crystals would have a composition given by the number of counts N x within the range + KS. The value of K for n = 16 and a = 95 percent is 2.20. If S/2<r c was less than 1, we calculated the range on the basis of S = 2a-c = 2 ^lN x -In the worst case, 5/2<7 c = 1.9; the maximum compositional variation within a single crystal is no more than ± 0.25 percent Fe. Our results are summarized in Table 1 . Only the iron values are given because, for the operating conditions used, they are a more sensitive indicator of crystal homogeneity than the magnesium or silicon data. Most of the pallasitic olivine crystals are homogeneous in Fe to within the measurement capabilities of the microprobe (~1 percent of the amount of Fe present). None of the olivines were inhomogeneous (S/2<r c > 2); internal equilibrium existed within most individual olivine crystals.
Comparative measurements on terrestrial olivines, including some from rapidly cooled extrusive rocks, have also shown a large degree of equilibration in olivine crystals (Buseck and Goldstein, 1968b) . This suggests that diffusion within olivine is relatively rapid, at least at elevated temperatures. Therefore, we believe that individual olivine crystals in pallasites are chemically equilibrated because of diffusion at high temperatures.
Compositional Variations between Adjacent Olivines. Using the fact that olivine crystals in pallasites are homogeneous, we can determine whether crystals in a single pallasite are compositionally similar. At least 4 olivine crystals, each being at least 1 mm in one dimension, were analyzed in the 35 pallasites.
To determine whether olivine crystals have similar compositions, we compared the measured standard deviation, S, determined for n olivine crystals (equation 1), to the expected standard deviation if all the olivine crystals had identical compositions (±2<r c = 2 A/TVx)-The criterion for compositional variations between olivines that was adopted is: If S/2<r c < 1, no variation can be measured; if 1 < S/2& c < 2, the compositional variations, at best, are slight; if S/2<r c > 2, the olivine crystals are significantly different in composition. The range of variation at a given tolerance level and for n -1 degrees of freedom can be calculated from equation (2), where + KS describes the statistical variation or range. The 1200  710  905  330  720  530  615  920  450  1130  580  430  640  1000  570  360  800  360  410  1250  575  515  655  460  425  670  450  1520  1040  300  615  735 Rel percent 1.6 2.6 < 2.1 1.7 < 1.9 < 1.2 < 1.6 < 1.5 < 1.9 < 1.4 5.5 < 1.5 5.3 < 1.6 < 1.5 < 1.4 2.0 2.0 1.7 < 1.6 < 1.3 < 1.6 1.9 2.0 < 2.0 < 1.0 5.0 11.5 2.1 < 1.2 < 1.0 < 1.7 1.9 2.8 < 1.0 *n = number of different crystals measured t S/2a c = ratio of experimental standard deviation to standard deviation for measurement of compositionally identical crystals * Some small crystals ( <lmm) included in this analysis on June 11, 2014 gsabulletin.gsapubs.org Downloaded from average approximately 8.45 wt-percent Fe, with a variation in Fe content between crystals of about 5 percent relative. From our very limited sample it appears that small olivine crystals may differ in composition and, therefore, not be equilibrated with the major olivine crystals. It appears as if these small crystals were either separated from the parent melt at an earlier stage than the large crystals, or else they were insulated from the parent melt shortly after crystallization.
Major Element Content of Olivines. The major element contents of olivine crystals in 38 pallasites were obtained from the data that was used to determine compositional variations between olivine crystals. All the measurements were calibrated against a standard of Marjalahti olivine containing 8.98 wt-percent Fe, 29.0 wt-percent Mg (Yoder and Sahama, 1957) . Specimens of Marjalahti were obtained from three sources-K. Fredriksson, Arizona State University, and the Bosch collection at the U.S. National Museum. The internal agreement between olivine crystals in these samples was satisfactory.
The Fe and Mg intensity data from both the unknown and the Marjalahti standard were corrected by computer for absorption, atomic number, and secondary fluorescence by the methods of Philibert (1963) , Duncumb and Shields (1966) , Duncumb and Reed (1968) and Reed (1965) . For the Fe data, a total correction of less than 1 percent was necessary. Therefore, the average Fe intensities from the olivine crystals and the Marjalahti standard are directly related. For the Mg data, the influence of atomic number and secondary fluorescence was less than 1 percent. However, the absorption correction was significant, up to 8 percent for the most iron-rich olivines. Table 3 lists the average compositions of pallasitic olivines, as well as the fayalite (Fa) and forsterite (Fo) contents. The Fe variations in wt-percent are taken from the compositional differences between olivines listed in Table 2 . The Mg variations ( + 0.4 wt-percent) were estimated from the errors resulting from the reproducibility of Mg X-ray microprobe measurements (+ 2<j c ) and the errors resulting from the conversion of the Mg X-ray data to composition. The total forsterite plus fayalite content equals 100 + 1 percent, except for a few pallasites with high-iron contents. It appears that the calculated absorption effect slightly overcorrects for Mg in olivine above Faie. The Fe and Mg values add up very close to the ideal cation concentrations for olivine, showing that minor elements provide only a small contribution to the bulk compositions.
The composition of pallasitic olivines has been obtained previously by X-ray, optical, and wet-chemical techniques. Errors of +1 percent Fa can be expected in the X-ray diffraction technique (Yoder and Sahama, 1957) . Errors in the wet-chemical analysis, caused by the presence of inclusions or alteration products, or both, can be appreciable. Measurements of bulk composition of olivines by the microprobe allow smaller ranges of variation, <~0.25 percent Fa, to be obtained and allow one to avoid inclusions and alteration products. Table 3 summarizes and compares the Fa contents determined by X-ray diffraction and refractive index measurements (Mason, 1963) to our values. The agreement is good and is within 1.5 percent Fa. Comparisons of Fe and Mg measured with the microprobe and by wet chemical techniques are given in Tables 4  and 5 , respectively. Except for several chemical analyses made 50 years ago, the differences between the two techniques for Fe and Mg, are 0.7 wt-percent or less.
The Fe contents of pallasitic olivines, showing little or no measurable intercrystalline variations, are plotted as a histogram in Figure  1 . The Fe increment chosen was 0.2 wt-percent, the typical compositional variation measured in this study. The Fe data show a prominent peak at Fai2±i.5and a cluster at Faig.5±2-No olivines had compositions between Fais.5 and Faie.s. Most of the meteorites within the peak at Fai2± 1.5, however, are distinct. Also plotted on Figure 1 are the average Fe content and composition variation for the 4 pallasites whose olivine crystals show definite compositional differences. The compositional scatter for Glorieta Mountain and Pojoaque extends into the region Faia.5 to Faie.s. Using the less precise Mg data, the pallasites that are more Ferich than Fais.6 appear to be part of the tail of the main peak at Fai2-Compositional Scatter of Widely Separated Olivines. To study olivine equilibration within the largest meteorites available, olivine crystals from the opposite ends of Albin, Brenham, and Mt. Vernon (~l/2 m diameter) were obtained. These pallasites show no measurable variation in the Fe content between adjacent olivine crystals.
The minimal composition difference (C-C') which can be detected between two samples (Ziebold, 1967) , or in this case between two olivines from opposite ends of a pallasite is:
where C= composition of sample 1, C' = composition of sample 2, Cs = composition of a standard, Ns -"NSB = number of X-ray counts for the standard minus its background, 5= standard deviation (equation 1), n = number of individual points taken on samples 1 and 2, / = Student's factor. The standard Cs/(Ns -NSB) used in this problem was one of the two pallasitic olivines.
The minimal composition difference (C-C 1 )
for Fe was measured with four 40-second counts taken on each olivine crystal. At a 95 percent tolerance level, we could detect a compositional difference of ±0.1 wt-percent Fe. In all three meteorites, the measured compositional differences between the olivine crystals were less than this limit. Therefore, within the limits of our probe analysis, the olivine crystals for these three pallasites are equilibrated over distances of at least 0.5 m. Thus, long-as well as short-range equilibrium occurs in these pallasites.
Minor Element Content of Olivines. Knowledge of minor elements in olivines can be useful for determining the conditions under which the olivine crystals formed and for determining the degree of equilibration be- References Clarke, R. S., Jr., Personal Commun., Mingaye, 1916 Inostranzeff, 1869 Yoder and Sahama, 1957 Levering, 1962 Nichiporuk and others, 1967 Kokscharov, 1870 Kobell, 1851 Kunz, 1890 Clarke, R. S., Jr., Personal Commun., Madigan, 1939 Clarke, R. S., Jr., Personal Commun., Tchirvinsky, 1919 Mason, 1963 Nichiporuk and others, 1967 Nel, 1949 Prior, 1918 tween the crystals and their matrix. Although it is difficult to detect trace amounts (<100 ppm) of elements with the electron probe, we are fortunately interested in elements with relatively hard X-radiations-Mn, Ni, Ti, and Ca-from a relatively low atomic number matrix, olivine.
The detectability limit (C-C 1 ), that is, the smallest trace element concentration which must be present in the sample before a statistically meaningful statement can be made about its presence, is defined as in equation (3). Sample 1 represents the specimen containing the trace element, and sample 2 represents the background specimen in which none of the trace element is present. The trace-element measurements were made with the electron probe operating at 30kV, 0.2-ju-amp specimen current and four 100-second counts were taken in each olivine crystal. S was calculated from measurements made on sample 1. Pure Mn, Ni, Ti, and Ca-bearing pyroxene were used for standards. To minimize the effects caused by large differences in counting rates between sample and standards, the number of X-ray counts for the standard, Ns, was taken at a specimen current of 0.002 (i amp on olivine and subsequently multiplied by a factor of 100. For these operating conditions, the measured detectability limits at a 95 percent tolerance level, according to equation (3), are 40 ppm for Mn, 20 ppm for Ni, 10 ppm for Ti, and 15 ppm for Ca.
The trace element content, C, was calculated using the following equation: Mingaye, 1916 Inostranzeff, 1869 Yoder and Sahama, 1957 Lovering, 1962 Kokscharov, 1870 Clarke, R. S., Jr., Personal Commun., Kobell, 1851 Kunz, 1890 Clarke, R. S., Jr., Personal Commun., Madigan, 1939 Tchirvinsky, 1919 Mason, 1963 Nel, 1949 Prior, 1918 'Error estimates due to reproducibility and corrections for Mg intensity are approximately ±0.4 wt-percent where NX = average number of X-ray counts on the sample, NXB = average number of X-ray counts for the background. NXB was determined on the analyzed olivine sample by measuring the continuum radiation on both sides of the K peak for Mn, Ni, Ti, and Ca. If C was less than C-C', no measurement of trace-element content is possible. The precision of the measurement for C equals ±(C-C'), the dectability limit (Table 6) ; therefore, the relative precision errors are large for the trace-element measurements where C is less than 100 ppm.
Measurements of Mn, Ni, Ca, and Ti were made in at least four olivines from each of six pallasites representing the spectrum of olivine compositions. Another six pallasites were analyzed for Ni only. Ni and Ca were also measured in olivine from four ultramafic rocks for comparison (Table 6) .
Because the measurements were made so close to the detectability limits, the Ni, Ti, and Ca data have large precision errors, from +20 percent to +100 percent. It appears that the Ni trace-element content is independent of the Fe content of olivine, except for the Glorieta Mountain pallasite where the Ni concentration rises in the smallest, most Mg-rich olivine crystals. Mn is the only trace element measured in sufficient concentrations to determine both homogeneity within single olivine crystals and compositional differences from crystal to crystal. At the 2000 ppm level we could detect, with 95 percent tolerance, compositional differences of +200 ppm within and between olivine crystals. Within these limits we found that the Mn was uniformly distributed. (Lovering, 1957) t Mean X-ray fluorescence value of two pallasitic olivines (Nichiporuk and others, 1967) * Mean spectrographic values of olivines from dunites (Ross and others, 1954) § Mean colorimetric values of olivines from 15 ultramafic rocks (Mercy and O'Hara, 1967) on June 11, 2014 gsabulletin.gsapubs.org Downloaded from
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The striking contrast in Ni contents of terrestrial and pallasitic olivines is of interest because olivines in the meteorites typically contain 50 + 20 ppm Ni, where terrestrial olivines commonly contain between 1000 and 5000 ppm, a difference of up to 2 orders of magnitude. This contrast is especially noteworthy because pallasitic olivines have been adjacent to Ni-bearing metal (~100,000 ppm) for much of their history, and terrestrial olivines crystallized in relatively Ni-poor areas. This apparent anomaly is explained by the fact that Ni content of terrestrial olivines was controlled by equilibration with coexisting silicates and, to a lesser extent, sulfides, but in the pallasites the Ni equilibrium had to be established with an Fe-Ni metal. The Ni, which is extremely siderophylic, largely entered the metallic phase rather than a silicate lattice.
Cooling Rates of the Pallasites
The chemical composition of the olivines in pallasites as well as the degree of equilibration both within and between olivine crystals may be influenced by the depth of burial and the cooling rate of the pallasitic material within its parent body.
Computer methods have recently been developed (Wood, 1964; Goldstein and Ogilvie, 1965) to determine the cooling rates of meteorites with Widmanstatten structure. This structure developed during slow cooling within a temperature range of 700° to 300° C. In determining the cooling rate of meteorites we assume that the kamacite (a-iron) phase nucleates in the taenite (y-iron) phase and grows by solidstate diffusion. The kamacite grows along a plane front (one-dimensional growth), and the equilibrium phase diagram gives the interface compositions between the kamacite and taenite phases as a function of temperature.
Although most pallasites do not display Widmanstatten structures, much of the kamacite grew along a plane front on the closepacked planes of the parent taenite. Plate 2 shows a typical kamacite area; the microprobe trace across the illustrated platelet of kamacite is quite similar to the compositional distribution obtained as the result of the development of the Widmanstatten pattern in iron meteorites. Goldstein and Short (1967) measured the cooling rates of eight pallasites using an improved version of the computer method developed by Goldstein and Ogilvie (1965) . The computer technique requires a large amount of probe data and extensive computation. For plane front growth, however, the cooling rate is directly related to the maximum nickel content, C T MAX measured in taenite at the kamacite/taenite boundary . The higher the maximum Ni content in taenite, the slower is the cooling rate of the meteorite. These measurements can be made rapidly and yield approximate cooling rates. Typically, we find for our microprobe operating at 20 kV, 0.03 fj. amp specimen current that: a maximum Ni content of ~50 wt-percent gives a cooling rate of 0.5° C/10 6 years, a maximum Ni content of ~46 wt-percent gives a cooling rate of 1° C/10 6 years, and a maximum Ni content of ~40 wt-percent gives a cooling rate of 4° C/10 6 years. This method becomes imprecise when the cooling rate is greater than 50° C/10 6 years, or when the central taenite Ni content is over 20 wt-percent. The maximum Ni content, C 7 MAX is relatively insensitive to both band width and to orientation of the interface with the polished surface. However, when sufficient material was available, the polished surfaces were oriented perpendicular to the kamacite/taenite interfaces. Unoriented specimens provide a maximum value for the cooling rate.
Our measurements of 33 pallasites are given in Table 7 . In several other pallasites, the metal was so badly weathered to limonite that no reliable measurements of cooling rate could be made. Pavlodar is unique in that we could not find any kamacite plates suitable for analysis in over 125 sq cm of polished surface.
The cooling-rate measurements in Table 7 agree very closely with those measured by Goldstein and Short (1967) . The error limits on the cooling rate measurements using C T MAX values are, however, rather large. The errors are caused mainly by differing values of C T MAX measured from one kamacite band to another within a meteorite and by varying resolution of the probe from one day to the next. We estimate the error limits of the cooling rates determined in this study to be +60 percent. Table 8 compares the measured cooling rates and the precision error limits.
No systematic variations in cooling rates were found between pallasites with inhomogeneous and homogeneous olivines, nor between pallasites with rounded and angular olivine crystals.
A histogram of the cooling rates of the 33 pallasites is plotted in Figure 2 . Included on the histogram are cooling-rate measurements of 191 iron meteorites, about half of the total number of known irons. The cooling rates of Goldstein and Short (1967) the pallasites, which vary from 0.5° to 2° C/10 6 years, form a definite group. They have lower cooling rates than most irons. The cooling rates for those pallasites within the olivine composition peak at Fa^-t 1.5 and possible peak at Fais.s ± 2 are very similar. On the basis of cooling-rate measurements by the interface method, we cannot differentiate between pallasites within either of these peaks. Also, we cannot differentiate between pallasites of differing bulk metal composition.
DISCUSSION Equilibration between Coexisting Phases
Nickel in Olivine and Metal. It is interesting to inquire whether the low Ni levels in olivine are in equilibrium with the high levels in the surrounding metal phase. In olivine the Ni substitutes for Fe (Ringwood, 1956 (Nafziger and Muan, 1967) , a close approach to ideality between Ni and Mg olivine (Campbell and Roeder, 1968) and between Fe and Ni in the metal phase (fee) above 900° C (Kaufman and Cohen, 1956 ). Equation (6) thus reduces to the ratio of the mole fractions;
FeSiO.oO,
The free energy, AGi, of reaction (5), may be determined from the free energies of reactions (6) and (7) These are available for the temperature ranges 298° to 1478° K (Kubaschewski and others, 1967 ) and 1573° to 1773° K (Campbell and Roeder, 1968) , respectively. By appropriate extrapolation of these data, the free energy of reaction (5) -AGi RT (10) we can predict the ratio of mole fractions of Fe and Ni olivines as a function of temperature and metal phase composition, using equation 7 for Ki. Figure 3 shows the variation of the equilibrium ratio of Fe to Ni in solid solution within olivine as a function of temperature for various concentrations of Ni in the metal phase. Fe is 10 3 to 10 4 times more abundant in olivine than Ni. The predicted Ni contents for olivines at equilibration temperatures of 800°, 1000°, and 1200° C are given in Table 9 . The measured Ni contents compare quite favorably with the calculated equilibrium values at temperatures between 800° and 1200° C. These results, which differ from those of Nichiporuk (1968) , indicate that equilibrium was established between olivine and metal, and that this equilibrium was maintained to temperatures as low as 800° C. The calculations also indicate that equilibrium may extend to lower temperatures in olivines with high Fe content.
Iron in Olivine and Metal (Prior's Rule). The partitioning of Ni indicates equilibration between phases that presently coexist within pallasites; that is, within a closed system. By contrast, the behavior of Fe in olivine is related to equilibration with Fe in the metal phase at a time preceding the existence of the pallasites in their present form. This equilibration would have occurred in the parent melt when the "proto-pallasites" were in contact with phases that are no longer found in the pallasites. The situation is summarized by a modification of Prior's rule.
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where the Fe content in the olivine and the metal are controlled by the oxygen fugacity, /o 2 -It is significant that phases more silica-rich than olivine, for example SiOa or MgSiOg, must be available for this reaction to proceed. These are not present in the pallasites now; olivine is the only Si-bearing phase. Thus, if the modified Prior's rule does hold then it provides information regarding the early stages of crystallization, before the parent silicate melt was removed. Several investigators (Prior, 1916; Nel, 1949; Mason, 1963) have suggested that the pallasites obey Prior's rule. It would, of course, be of great interest to determine this unequivocably. Available data on metal compositions are summarized in Table 10 . The Ni content in the metal phase is plotted versus the MgO/FeO content in olivine in Figure 4 .
The considerable scatter in the points in Figure 4 , as in the replicate analyses in Table  10 , is partly due to problems of sampling the metal in pallasites. Some investigators sampled only the centers of the metal fields in an attempt to avoid olivine. Because low-Ni metal is concentrated around the olivine, the resulting value is too high in Ni. Where the author stated explicitly that such a sampling procedure was utilized, we rejected the numbers. It is nevertheless probable that many of the Ni values given in Table 1 Although many of the points are off the least-squares curve (Figure 4) , the Prior's relation is generally confirmed for the pallasites. We conclude, therefore, that olivine and metal equilibration preceded the development of the present assemblage. Thus, the juxtapositioning of olivine and metal must have occurred while other silicates were still in the physical vicinity, that is before crystal differentiation. This rela- * Ni values taken from least-squares fit of Ni in metal versus MgO/FeO ratio of olivine data, Figure 4 on June 11, 2014 gsabulletin.gsapubs.org Downloaded from tionship must have persisted long enough to permit equilibration. At this time the metal must have been molten, and thus at temperatures above 1500° C.
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Equilibration between Olivine Crystals. Only 4 (Admire, Anderson, Pojoaque, Glorieta Mountain) of 38 pallasites show measurable variations in Fe content between average-sized olivine crystals. The greatest variation by far is shown by Glorieta Mountain. This is an unusual meteorite in any case, as it consists of many sizeable pieces of metal which are entirely olivine-free and thus resemble typical octahedrites. Where the metal contains olivine, it resembles other pallasites. The considerable scatter of Fe content between olivine crystals within Glorieta Mountain suggests that it may be a mixture of olivine from different areas, in effect, a "pallasitic conglomerate." The olivines are reasonably angular and range in composition from Fan. 5 to Fau.s. If any pallasites were formed by the mixing of olivine crystals during a highly violent period, then Glorieta Mountain is as representative a sample as is available. Preliminary data has shown that the compositions of large and small olivine crystals in several other pallasites also vary. Pojoaque is a pallasite that displays only small olivines (<2mm), which possibly explain its compositional scatter. The vast majority of pallasites show no measurable compositional variations between olivine crystals.
Admire is unusual not only because of the compositional scatter of its olivine, but also because it indicates an apparent K-Ar age that is roughly one-ninth that of other pallasites. Kirsten and others (1963) determined 0.5 X 10 9 years, and Megrue (1968) indicated 0.44 X 10 9 years. Presumably this anomalous age is the result of degassing by strong heating after the meteorite formed. Admire is the only pallasite of those analyzed by Kirsten and Megrue to exhibit scatter in the composition of the olivine crystals. On the basis of this scatter, we feel that it may have received its olivine from different sources. If we were to look at the K-Ar ages of meteorites, such as Glorieta Mountain and Anderson, we might expect to find more low-solidification ages.
Generation of Olivine
The differences in olivine compositions between pallasites indicate that if the pallasites came from one parent body, then complete equilibration between pallasites did not occur. They were either separated from each other in localized areas in the parent body, or crystals were separated continuously from the parent melt, perhaps by settling.
Differentiation of chondritic material is a possible source mechanism for the olivine in pallasites. In this case chondritic material in the parent body is melted to form two liquids, one of Fe-Ni and the other of silicate (Mason, 1967) . As the silicate melt begins to solidify we can use, as a first approximation, the phase relations for the most refractory fraction-essentially pure Fe-Mg silicate-by reference to the FeO-MgO-SiO2 system (Bowen and Schairer, 1935) . The average composition of the silicate melt (Table 11) , can be obtained by using the FeO, SiOs, and MgO values of Urey and Craig (1953) after subtraction of quantities of oxides corresponding to normative anorthite, orthoclase, wollastonite, and chromite (Olsen and Mueller, pers. commun., 1968) . This method accounts for the AUOa, CaO, Na2O, and K 2 O that tie up small quantities of SiC>2 in the melt.
The H liquid begins to solidify at 1675° C, and the L, at 1650° C. Because of the complexity of the melt, the solidification temperature may have been depressed to roughly If the process for the formation of olivine crystals from chondritic material is considered further, we arrive at a gravitationally layered body. Molten Fe-Ni, as well as the earlycrystallizing olivines, migrated toward the center of the parent body. If Prior's rule holds, then these two phases coexisted while silicates from the initial chondritic melt were still present. However, the less refractory silicate melt separated with time by migrating towards the surface of the parent body, perhaps to form the achondrites (Mason, 1967) . According to such a model, it is possible that the compositions of the olivines changed in a manner directly related to the chemical potential of oxygen.
Source Region of Pallasites
Four basic hypotheses have been suggested for the origin of the pallasites (Anders, 1964) . These hypotheses are that the pallasites represent (a) the contact zones of isolated metal pools in a silicate matrix-the "raisin-bread" theory, (b) the end product of a violent mixing of metallic and silicate fractions, perhaps near the mantle-core interface, (c) the mantle-core boundary of the parent body, (d) the central part of the parent body.
The first hypothesis is based on the possibility that the stony-iron meteorites are too abundant to represent a single, simple boundary layer (Urey, 1956 ). Urey (1966) suggests that there are discrete metal pools throughout the interior of the parent body. The pallasites then would represent the contact facies between the metal and silicate around each pool. The net effect is to increase the surface area of metalsilicate contact. However, meteorites derived from such a source would contain peripheral silicates, which are extremely rare. Besides, if the mantle consisted of a heterogeneous mixture of silicates, as is probable, olivine should not be the only silicate in such a meteorite. DuFresne and Roy (1961) support the second hypothesis; they suggest that pallasites on June 11, 2014 gsabulletin.gsapubs.org Downloaded from Authors Copy were produced through violent mixing of substances from two dissimilar sources and then quenched. A suggested mechanism is caldera collapse, which appears unfeasible deep within a parent body. Perhaps more reasonable is the mechanism suggested by Wasson and Wetherill (in press) , where mixing results from contraction of a metallic core. Even in this instance, slow settling rather than rapid collapse would be probable. Also, rounded olivine crystals apparently suspended in metal-but not all close packed-are difficult to reconcile with a violent origin. Equally perplexing is the proposed ability of metal to rise into the much less dense olivine zone. Nonetheless, some of our measurements of Fe variation between olivine crystals in certain pallasites are not inconsistent with this hypothesis.
The third hypothesis is based in part on an analogy with Earth (although some circular reasoning is involved). At the mantle-core interface there must be a zone where the metal of the core and the silicate of the mantle are mixed. If asteroids and other planets have similar structures, a sample from such a zone would clearly contain both phases. The pallasites are the most probable meteoritic examples from such an occurrence, and may have compositions similar to the presumed material along the mantle-core interface. They contain the densest and most refractory of the mantle silicates-olivine. Anders (1964, p. 618) , in a comprehensive review, indicated that "there seems to be no reason to abandon the traditional view that the pallasites come from the mantle-core boundary of a celestial body." Goldschmidt (1922) and Wahl (1965) have suggested that the intimate mixture of two chemically unlike minerals with greatly differing densities requires that they crystallized outside of a strong gravitational field. Otherwise, gravity separation would have taken place. Indeed this mixture of such dissimilar phases is one of the prime dilemmas and fascinations of the pallasites. The suggested solution is that the pallasites crystallized within the center of a parent planet. This is explicitly disputed by Fish and others (1960) .
The several possible origins can be evaluated by our data. Had the pallasites formed (a) according to the "raisin-bread" theory, we would predict scatter in the olivine compositions and a wide range in the cooling rates, with many pallasites exhibiting rapid rates. The rates should correspond to those of the iron meteorites. These things we do not observe. Likewise, (b) if the pallasites originated as the result of violent mixing, we would expect a range in the cooling rates-some would be rather rapid-especially if due to caldera collapse-and much scatter in the olivine compositions both within and between specimens. Major-element and perhaps trace-element equilibration between olivine and metal would not have occurred. These things are contrary to what we find for the vast majority of the pallasites. Had the pallasites developed along the margins of a sizeable metal core (c), we would predict that the cooling rates of the pallasites would be greater than or equal to most iron meteorites; however, they are not. Finally, (d) if the pallasites formed within a large core, we would predict relatively uniform olivine compositions and low cooling rates. These last predictions agree with our observations {see Table 12 ).
The cooling rates of the pallasites are consistent with one another and show a much narrower range than do those of the iron meteorites. Moreover, the pallasites cooled much slower than most iron meteorites. Two alternative explanations must be considered: (1) The pallasites occurred in different parent bodies from the iron meteorites, or at least from the bulk of the iron meteorites.
(2) The pallasites formed in the same parent body with many of the iron meteorites.
If the first possibility is correct, then this implies that possibly only a few of the iron meteorites occurred together with the pallasites. Based on the Ni content, similarities in trace elements, structures, and cooling rates, these iron meteorites may belong to group Illb . Thus, these particular meteorites may have occurred centrally to the pallasites, and the pallasites then formed a rather broad mantle-core contact zone.
If the second case is true, the pallasites were located within or nearer to the core of the parent body than most iron meteorites. If our terrestrial sample of meteorites is representative, the pallasites formed a sizeable percentage of the core. Another implication of the faster cooling rates of the iron meteorites is that they were not all in continuous contact with the pallasites. In order to provide the necessary physical and thermal insulation, intervening silicates had to be present. Thus, iron pools, a raising-bread model, are implied but, in contrast to the suggestion of Urey, they would not be associated with the pallasites.
CONCLUSIONS

Olivine-Metal
Olivine crystals up to several centimeters in diameter are compositionally uniform (to + 0.2 wt-percent Fe); within 85 percent of the measured pallasites, coexisting crystals have identical compositions ( ±0.2 wt-percent Fe).
The olivine compositions differ only slightly among the pallasites. These compositions may be interpreted as bimodally distributed with values of Fais ±1.5 and Fa is. 5 ± 2, or as a skewed population with a greatest frequency at Fai2.
Relative to terrestrial olivines, pallasitic olivines are depleted in Ni and Ca ( <50 vs 2000, and 50 vs 170+ ppm, respectively).
Thermodynamic calculations predict low Ni values in olivine adjacent to Ni-bearing metal.
Comparison with Ni measurements in olivine indicates that the two phases were in equilibrium down to 1000° ± 200° C.
Small ( <~1 mm) olivine crystals in certain pallasites have unusually high Mg and Ni contents.
The cooling rates of the pallasites are uniform and low, ranging from 0.5° to 2.0° C per million years (700-300° C).
The pallasites cooled more slowly than the bulk of the iron meteorites.
Origin
The probable applicability of Prior's Rule to the pallasites suggests that olivine and metal equilibrated in the presence of other silicates within the parent melt.
The observed compositional distribution of olivine from pallasites is compatible with that predicted from a chondritic melt.
The pallasites were derived from a zone deep within their parent body, either at or near the core.
Most iron meteorites either were derived from a parent body different from the pallasites, or formed closer to the parent-body surface than the pallasites. In this case, the iron meteorites formed "iron pools."
Equilibration between coexisting phases above 1500° C, at 1000° + 200° C, and again from 700° to 300° C, suggests that the parent body of the pallasites broke up only after its temperatures were very low, <300° C.
